In recent years, dramatic efforts have been expended on piezoelectric materials due to their capability for energy storage.
1-7 Most well-performing piezoelectric materials are lead oxide based, however, especially Pb(Zr,Ti)O 3 (PZT), which exhibits excellent piezoelectric properties due to its rhombohedral-tetragonal phase boundaries. 8, 9 Nevertheless, its highly toxic lead composition is harmful to the human body, limiting its application in multiple fields such as medical treatment and biological sensors. 10 Therefore, lead-free piezoelectric composites have been comprehensively explored, in accordance with their high bio-compatibility and environmentally friendly properties, [10] [11] [12] although leadfree always implies poor performance. How to improve their piezoelectric performance still remains the major task for most lead-free composites.
Among the lead-free candidates, (K,Na)NbO 3 (KNN) has attracted great attention from researchers for several decades, 13 especially after Satio et al. achieved a large piezoelectric coefficient (d 33 ) value (416 pC/N) in KNN through building phase boundaries by doping with additives.
14 From then on, the construction of phase boundaries around room temperature has become the key strategy in piezoelectric enhancement, although this method always needs more than two additives, which is complex and difficult to achieve. [15] [16] [17] In some research, modifying K/Na ratios could move the appearance of phase boundaries to near room temperature and lead to great enhancement of the piezoelectric performance. [18] [19] [20] [21] Most of this work was focused on the KNN ceramics, however. Because it is difficult to control the K/Na ratio and realize complex doping in single-crystal KNN nanomaterials, their phase boundary issues still remain unclear, which has limited the performance optimization of KNN nanorods and their application in microscale energy harvesters and sensors.
As reported, the hydrothermally grown KNN nanorods are always K þ rich because of the excessive alkaline ions in the hydrothermal precursors. [22] [23] [24] Those K element would volatilize at high temperature, 25, 26 which provides a feasible method to adjust the K/Na ratio in the KNN nanorods and improve their piezoelectric properties. Meanwhile, the hightemperature treatment may also lead to the variation of defect states in the nanomaterials, such as the surface oxygen vacancies. The oxygen vacancies will inevitably appear after the crystal growth process of most oxide nanomaterials, which could significantly influence their electron transportation and dielectric properties by increasing the charge carrier density in these materials. For example, piezoelectric performance of KNN could be enhanced by reducing the density of oxygen vacancies after Mn 2þ doping. 27, 28 Thus, managing those defects should be another way to control the piezoelectric performance of KNN nanorods.
In this work, KNN nanorod arrays (NRAs) were synthesized on conductive Nb-doped SrTiO 3 (STO) single-crystal substrates by a hydrothermal process and then annealed in the oxygen atmosphere at high temperature to improve the a)
Authors to whom correspondence should be addressed: wangzhao33@hot-mail.com and guhsh@hubu.edu.cn piezoelectric properties. The d 33 value was increased to 360 pm/V after annealing at 800 C, which is nearly 3 times higher than for the unannealed nanorods (NRs) (140 pm/V). The superior piezoelectricity could be aroused by the combination of passivating the oxygen vacancies and building orthorhombic-tetragonal phase boundaries (O-T) through modifying the K/Na ratio closer to 1:1. [18] [19] [20] KNN NRAs were synthesized on STO substrates by the hydrothermal method with reagents including potassium hydroxide (KOH, >82%), sodium hydroxide (NaOH, >96%), niobium pentoxide (Nb 2 O 5 , >99%), and 0.7 wt. % Nb-STO substrates (100). The detailed procedure is described as follows: First, KOH and NaOH with a molar ratio of 74/26 were dissolved in distilled (DI) water in a 50 ml Teflon-lined autoclave to form an alkaline solution with a hydroxide concentration of 8 M. Then, 1 g of Nb 2 O 5 was added into the alkaline solution and stirred for 1 h to obtain the hydrothermal precursor. After that, the pre-cleaned substrate was immersed in the precursor. The substrate was kept 15 mm above the bottom of the autoclave by a Teflon holder. After being filled to 80% full by DI water, the autoclave was moved into a stainless steel container and then sealed. Then, the autoclave was kept at 190 C for 24 h to conduct the hydrothermal reaction. More details were reported in our previous work. 24 Finally, the synthesized KNN NRAs were placed in a tube furnace and annealed in the oxygen atmosphere at high temperature from 500 C to 800 C for 12 h with the oxygen flux fixed at 30 standard-state cubic centimeters per minute (SCCM).
Field-emission scanning electron microscopy (FESEM, JEOL JSM7100F) was applied to observe the morphology of the synthesized KNN NRAs, as shown in Fig. 1 . The crosssectional SEM image confirms that KNN NRAs are well aligned on the top of the STO substrate, and the inset is a tilted-view SEM image. The KNN NRs are well distributed with a uniform diameter (about 100 nm). The average length (5 lm) and aspect ratio (40) were estimated by calculating the data from no less than 20 NRs in the sample. Moreover, the morphology remained unchanged during the annealing process.
The phase transition process was revealed by X-ray diffraction (XRD, Bruker, CuKa, k ¼ 1.5406 Å ), as shown in Fig. 2 22.4 and 45.9 belong to the (001) planes. Apparently, the peak intensity ratio I (110) / I (100) decreased dramatically as the temperature increased from 500
C to 800 C. The XRD pattern of un-annealed KNN indicated an orthorhombic KNN structure with an extremely weak reflection from the (001) planes. After annealing at 500 C, the intensity of the (001) planes was greatly enhanced, so that it was almost equal to the (110) planes. When the temperature increased to 600 C, the peaks of the (001) planes were stronger than for the (110) planes, indicating the coexistence of the orthorhombic and tetragonal phase. 29, 30 When the temperature was increased to 700 C, the tendency was more apparent. When the temperature finally increased to 800 C, the reflection of the (001) planes became the main peak. Moreover, the (110) peaks shifted to higher angles and ultimately reached up to 22.2 and 45.1 after annealing at 800 C. Therefore, the positions of the (110) peaks increased by 0.1 during the annealing process, meaning that inter-planar spacing between the (110) lattice planes was decreased, while the diffraction peaks of the (001) planes decreased by 0.1 , indicating that the interplanar spacing between (001) lattice planes was increased. This variation should be attributed to the evaporation of the K element, which could lead to the deformation of the crystal structure. [30] [31] [32] According to the XRD results, the crystal is elongated along the c axis. We could conclude that the O-T phase boundary appeared when KNN NRA was annealed at 800 C. High-resolution transmission electron microscopy (HRTEM, JEOL JEM 2010) measurements were carried out to confirm the structures, as shown in Fig. 3 . The upper panels are the selected-area electron diffraction (SAED) pattern (left) and a high-resolution image (right) of un-annealed KNN NR. According to the TEM results, the KNN NR has a single-crystalline structure. The clear lattice fringes represent the (110) and (001) X-ray photoelectron spectroscopy (XPS, ThermoFisher Scientific Escalab 250Xi) was applied to investigate component change and surface oxygen vacancies. According to the XPS results shown in Fig. 4 , the spectra of Na 1s and Nb 3d are almost unchanged, while peaks of K 2p vary severely, indicating the strong evaporation of the K element during the annealing process. Then, the K/Na ratio was calculated according to XPS results, as shown in Table SI in the supplementary material. The initial K/Na ratio of synthesized KNN is about 1.7:1, but then the K evidently decreased. The K/Na ratio was finally close to 1:1 after annealing at 700 and 800 C, with Na slightly reduced at 800 C. Moreover, it is notable that the spectrum of O1s also showed significant changes during the annealing process. The asymmetric O 1s spectrum can be divided into two peaks with binding energy values of 529 and 531 eV, respectively, as shown in the fitting results in Fig. S1 in the supplementary material. These two peaks are associated with O 2-species in the lattice (O L ) and chemisorbed or dissociated oxygen (O C ), respectively. 33, 34 The O C should be attributed to hydroxyl groups, H 2 O, CO 2 , etc., that are strongly bound to surface oxygen defects on KNN NR, which would weaken the piezoelectricity of the KNN NR. After annealing at 500 C and 600 C, the detected signals of O C gradually become weak. When temperature was increased to 700 C, a distinct reduction was observed. Finally, the spectral contribution of O C almost disappeared as the annealing temperature eventually reached 800 C, with the O L peak remaining almost unchanged at the same time. It could be concluded that annealing in oxygen at high temperature effectively passivated the surface oxygen defects on KNN NR, which would contribute to the enhancement of piezoelectricity.
The piezoresponse force microscopy (PFM) results for KNN NRAs annealed at different temperatures are shown in ambient environment for the conducting measurements. An Au-coated tip was the upper electrode, while the Nb doped STO substrate was the bottom electrode. The related illustrations and SEM image are shown in Fig. S2 in the supplementary material. According to the PFM results, obvious butterfly shape piezoelectric response loops are observed for all NRs, and they exhibit obvious enhancement of piezoelectricity, with d 33 increasing from 140 to 360 pm/V after annealing at 800 C, with the corresponding maximum amplitude of the deformation increasing from 400 to 1100 pm. Moreover, the appearance of the butterfly curves is also different. For those KNN NRAs annealed at 500 and 600 C, the shapes of the butterfly curves are almost the same, with a slight difference in the slope. When the annealing temperature was increased to 700 C, however, the situation is totally different. The curve becomes sharp and could easily reach saturation, and the d 33 is increased to 300 pm/V. This is more obvious at 800 C, where d 33 reaches its maximum of 360 pm/V. The variation of butterfly curves may be attributed to the O-T phase boundary. Figure 5(f) is the statistical histogram of d 33 , from which the enhancement of piezoelectricity is more intuitive. In addition, all results measured by the PFM method were calibrated to guarantee the accuracy of the results by using a LiNbO 3 single-crystal, which is a commercially available standard sample with a nominal d 33 value of 17.3 pm/V.
In conclusion, the as-synthesized KNN NRAs were grown on the STO substrate and annealed in the oxygen atmosphere at high temperature to enhance their piezoelectric properties. Outstanding piezoelectricity in KNN is driven by the combination of constructing O-T phase boundaries and oxygen vacancy passivation. An intermediate region (O-T) was found after KNN NRAs were annealed in oxygen at 800 C, where the K/Na ratio is close to 1:1 and oxygen defects are also fully passivated. The enhanced piezoelectric coefficient d 33 ¼ 360 pm/V shows great potential of KNN, and this paper provides a facile method to enhance piezoelectricity and investigate the connection between structures and material properties.
See supplementary material for the complete XPS results, statistical K/Na ratios, and schematic illustrations for PFM measurement of the studied KNN NRAs.
